Deployment of well-adapted, water use efficient, and productive genotypes may be essential for the sustainability of both forests and wood supply for the forest industry, as climate change is increasing water stress around the world. This study aimed to characterize key traits among new genotypes of hybrid poplars (Populus spp.) in water use efficiency (WUE) and evaluate adaptive capacity to guide the selection of appropriate clones/hybrid types for commercial deployment in habitats with an increasing water deficit in northern, continental climates. Forty-five new hybrid poplar genotypes were compared at the age of 10, including two control clones, Walker and Okanese, growing in a common garden genetics trial in northern Alberta. We studied the relationships between their productivity and WUE, photosynthetic assimilation, transpiration, stomatal conductance, stomatal density and length, and leaf size and weight. In addition, the genetic variance and heritabilities of physiological and morphological characteristics related to WUE were calculated. Results of this study revealed that most of the clones showed an adaptive capacity to acclimatize (small and dense stomata) to the region of deployment. Morphological traits were characterized by higher heritabilities than physiological traits. Hybrids between Populus balsamifera and Populus maximowiczii species showed a slightly greater adaptive potential to the area of our study than the other tested cross types. Walker, a clone widely planted across the Canadian prairies, showed inferior WUE and productivity in comparison to the new genotypes tested. Selection and tree breeding for adaptation to climate change in the region of our investigation identified highly productive genotypes with dense, small stomata and a larger leaf area to dry mass ratio. As these traits are heritable, selection of clones with these traits will ensure a faster reaction of stomata when faced with a water deficit. The low genetic effect, heritability estimates, and high residual effect for physiological traits, impose a severe limitation on the use of gas exchange measurements under field conditions in tree improvement programs selecting for drought resistance.
Introduction
Climate change is increasing water stress in many areas of the world as a result of increasing temperatures and evapotranspiration, and more frequent episodes of climatic anomalies such as drought events [1] . Water availability, in particular, is considered the main environmental factor limiting tree growth and productivity worldwide [2] . Since 2001, in western Canada, climatic conditions have been significantly drier, leading to widespread impacts on the forests [3] . The analyses of the Climate Moisture Index (CMI) and the Palmer Drought Severity Index (PDSI) for the Canadian boreal zone suggest that the combined changes in precipitation and temperature will lead to an increase in drier conditions in the boreal forest region of western Canada [4] . Therefore, the deployment of well-adapted, water use efficient, and productive genotypes may be essential for the sustainability of both forests and wood supply for the forest industry.
The Populus genus is of great economic importance for forestry in the northern hemisphere and especially in temperate and boreal ecosystems [5] . Poplars (Populus spp.) belong to tree species with the highest assimilation capacity among woody plants, reaching up to 15-25 mg CO 2 dm −2 h −1 [6] , which makes them attractive and useful for domestication. Poplar breeders use widely different approaches and technologies that range from traditional hybridization for cultivar development to molecular investigations into the structure of the genome [7] . Hybridization in poplars enables tree breeders to bring together and combine the wanted traits of different species, to capitalize on hybrid vigour (heterosis) [8, 9] . Generally, the greater the genetic diversity of the parents, the higher the level of heterosis achieved, although it should be mentioned that very diverse parental lines do not always make the best hybrids [10] . The general magnitude in growth and biomass production in hybrids can be described by the manifestation of multigenic heterosis in terms of energy-use efficiency. As trees (and other plants) take light energy as input to assimilate basic elements into biomass, hybrids can have more efficient growth than inbred plants because of the significant reduction in the energy-consuming processes of protein metabolism possibly due to the higher genetic diversity [10] . Such an effective mechanism in terms of water use consumption can be key for plants to thrive under more arid conditions in the face of climate change.
The term "water use efficiency" (WUE) has long been used in physiological research related to the economics of plant production in relation to water consumption [11] , and can be measured at different scales, ranging from instantaneous measurements at the leaf level to more integrative scales at the plant (e.g., wood cores, C 13 ) and ecosystem levels [2, 12, 13] . Most studies of WUE are performed on the basis of leaf photosynthesis (carbon gained in photosynthesis (A)) in relation to water lost in transpiration (E) or to stomatal conductance (g s ), which permits the calculation of instantaneous WUEleaf (A/E) or intrinsic WUEi (A/g s ) [2, 13] . Selection and breeding to enhance WUE can be important, particularly for poplars, as they require large amounts of water in general and are characterized by strong transpiration rates [6, 11] .
As productivity of fast-growing hybrid poplars is highly dependent on water availability [14] [15] [16] , inter-and intraspecific differences in WUE among poplar hybrids have been studied extensively [16] [17] [18] [19] [20] [21] . The reported variation in response suggests that WUE at the leaf level can potentially be used as a trait to target in tree improvement breeding programs. WUE could be improved by an incremental increase in leaf photosynthesis, or by a reduction in stomatal conductance or transpiration rate [2] . Consequently, selection focused on WUE at the leaf level may not be associated with higher productivity and in accordance with factors influencing WUE-photosynthesis or transpiration/stomatal conductance [16, 22] . The lack of such a consistent relationship suggests that WUE is mainly controlled by stomatal conductance, whereas a positive relationship between productivity and WUE indicates that control is through photosynthetic capacity [12, 16] . Therefore, it has been suggested that the use of WUE for selection should be coupled with additional and less ambiguous traits that can be associated with productivity, such as leaf area, stomatal density, and size [16, 23, 24] .
Traits such as stomatal density, aperture, and their associated regulation are of key interest in the study of drought-adaptation to semi-arid conditions [20] . Stomatal characteristics, including size and density, vary widely among poplar genotypes and species [25, 26] and, together with stomatal response, show evidence of adaptive acclimation [20] . It has been shown that stomatal size is smaller, stomatal density is greater, and stomatal control more sensitive in more xeric environments [27] .
Most experimental studies examining WUE at the leaf level across different hybrid poplar genotypes have focused on the early stage of tree growth, and they are most often carried out under greenhouse conditions [16, 17, 21] . There may, however, be important differences in how different life stages of trees respond to environmental conditions and how particular hybrids and genotypes adapt to environmental conditions in a region of future deployment. To our knowledge, these studies have not been carried out extensively. Thus, we used hybrids of P. maximowiczii, P. balsamifera, Populus nigra, and Populus deltoides, selected and bred in the humid continental climate of Quebec, and tested them in the more xeric climatic condition of northern Alberta (Canada). At age 10, we further selected families and clones within families among different productivity groups (high, average, and low based on volume) growing in a large common garden genetics trial to study: (1) The relationships (possible trade-offs) between productivity and WUE, photosynthetic assimilation, transpiration, stomatal conductance, stomatal density and length of stomatal guard cells, and leaf size and leaf weight; and (2) to estimate the genetic variance and heritabilities of physiological and morphological characteristics related to WUE. This research may help to characterize (heritable) key traits in WUE, and therefore allow us to evaluate adaptive capacity (including small and dense stomata) to guide selection of appropriate clones/hybrid types for commercial deployment in habitats with increasing water deficit in northern, continental climates.
Materials and Methods

Plant Material and Study Design
The experimental area of the study was established in the proximity of the Alberta-Pacific Forestry Industries Inc. pulp mill in Athabasca, Alberta, Canada (N 54 • 53 21 , W 112 • 51 33 , 575 m a.s.l.). Average annual temperature for the last 10 years (2008-2017) was 2.2 • C, with a mean annual precipitation of 432 mm [28] .
In spring 2008, over-winter dormant stock, rooted from cuttings the previous summer in a commercial greenhouse, were planted. Tree spacing was 2.5 × 2.5 m with a single tree row of excess hybrid poplars established around the trial as a buffer. The study design was a single-tree plot with four replicates of each clone across the four blocks. The trial contained hybrids of species from the Aigeiros and Tacamahaca sections that were bred in Quebec and consisted of 1978 hybrid poplar clones from 63 families (for more information, see [29] ). At the age of 10 years, based on measurements of diameter at breast height (DBH) and tree height (H), volume of the trees (V) was calculated. For the evaluation of physiological and morphological traits, nine families with contrasting productivity were selected. These families were then categorized into high volume, average volume, or low volume groups. A subset of families comprised of five clones each was selected. Due to no replication (low survival rate) for two clones (AP 4469 -12; AP 4507 -4), we decided to exclude them from the analyses. Two related poplar clones planted widely across the prairies, female clone Walker (P. deltoides × (Populus laurifolia × P. nigra)) [30] and a male progeny of Walker called Okanese (Walker × (P. laurifolia × P. nigra)) [31] , were used as reference clones. In total, 45 clones were selected for detailed measurements of physiological and morphological traits ( Table 1) . 
Measurement of Gas Exchange Parameters
Measurements of gas exchange parameters were recorded in June 2018, under field conditions on all ramets of selected clones within families from different productivity groups. Net photosynthetic rate (A), stomatal conductance (g s ), instantaneous WUE (WUEleaf), transpiration (E), and vapor pressure deficit (VPD) were measured using a portable infrared gas exchange system (IRGA) (CIRAS-3, PP Systems, Amesbury, MA, USA). Additionally, WUEi (intrinsic water use efficiency) was calculated as a ratio of A/g s . As the WUEleaf and WUEi were highly correlated (r = 0.83, p < 0.05), we limited further analysis to WUEi. The measurements of gas exchange parameters were made during the day, on a sun-exposed leaf from a branch on the south side of the crown. Due to the height of the crown, it was necessary to remove a branch from each tree in order to access the sun-exposed leaves. Branches were taken from approximately a 6 m height using a pole pruner. The size of the branch was about 100 cm long, which allowed us to achieve stable conditions during measurement. All leaves measured had identical conditions during the processing of the samples, and branches were removed sequentially as we moved from tree to tree. Branches were never left from more than 1 min prior to initiation of taking the measurements. To mitigate the potential bias in measurements during the day, the exact time of gas exchange for each measurement was recorded and then calculated as an hour after sunrise (HAS), and considered in the model as a covariate (see subchapter 2.4 Statistical Analyses). Measurements were taken with a fixed CO 2 level set at 390 ppm, a saturating light level PAR (photosynthetic active radiation) of 1000 µmol m −2 s −1 , an ambient temperature of 27 • C, and relative humidity of approximately 40-50%.
Measurement of Morphological Characteristics
Five additional leaves were collected from each tree from the same branch harvested above. Collected leaves were put into plastic bags and transported to the University of Alberta within 48 hours in a cooler with icepacks, where they were then stored in a fridge until measurements were taken (within two weeks). The leaf area of all five leaves was measured using an Li-3100C area meter (LI-COR ® Biosciences Lincoln, NE, USA). One leaf from each tree was then used to determine stomatal density and length, and the remaining four leaves where oven-dried at 70 • C until their weights stabilized. On the basis of leaf area (LA) and dry mass (DM), the specific leaf area (SLA) was calculated for each sample as follows:
The microrelief (replica) method was used to assess stomatal density (SD) [32] . Impressions of the abaxial (lower) epidermis were taken using colorless nail polish. All replica impressions were fixed onto glass microscope slides and examined and photographed under a light microscope (Zeiss Microscope Primo Star with internal HD camera, Jena, Thuringia, Germany) at 10x magnification. A minimum of three pictures were taken randomly of each leaf and scaled up to the total number of stomata per 1 mm 2 . The microscope pictures were analyzed by StomataCounter (https://stomata.uvm.edu; accessed on 18 October 2018), an automated stomata counting system using a deep convolutional neural network to identify stomata [33] . Each microscopic image was analyzed individually to avoid mistakes in stomata identification, and human counting was applied when needed by using the "Annotate from automatic" annotation mode. The length of guard cells was measured using digiShape software (ver. 1.9.19, Cortex Nova, Bydgoszcz, Poland). The length of 30 abaxial stomata (SL) was measured for each leaf from all ramets of selected clones.
Statistical Analyses
The relationships between physiological and morphological traits and tree productivity were tested using Pearson correlation coefficients. To further explore variation and bring out patterns in the data set, a principal component analysis (PCA) was employed. The multidimensional space was reduced to eigenvectors (the principal components) that corresponded to the eigenvalues retaining the most important variances. In our analysis, the eigenvectors were computed on the basis of the constructed correlation matrix.
To assess differences and genetic effects in water use for physiological and morphological characteristics (as dependent variables), a linear mixed model was applied. In the preliminary analysis, we considered a full linear model with families, clones within families, blocks, interaction between families and blocks (as random effects), productivity groups and cross types (as fixed effects). Additionally, two covariates were taken into account for analysis of the gas exchange measurements (physiological traits): VPD and HAS. Since the study design did not allow us to assess the simultaneous effects for productivity groups and cross types (in most cases, particular crosses were assigned to specific productivity groups), we further considered the productivity as a fixed effect alone. Moreover, due to the irrelevance of the HAS for gas exchange measurements, it was removed from the final model. Ultimately, the reduced models were implemented as follows:
where y ijkl is the response measured by the kth ramet of the jth clone within the ith family, µ is the overall mean, f i is the random effect of the family i, c ij is the random effect of clone j nested in family i, b k is the random effect of block k, I ik is the random interaction effect of family i with block k, P is the fixed effect of productivity group (high, average, low, Walker and Okanese), VPD is a covariate effect included in the model for physiological traits only, and e ijk is the random error in block k on clone j within family i. The significance of fixed and covariate effects was tested with F-tests, followed by their p-values. The post-hoc comparisons between productivity groups were performed using a least significant difference (LSD) test. Z-tests followed by their p-values were carried out to determine where random effects were significantly different from zero. The variance components were estimated using the restricted maximum likelihood (REML) procedure [34, 35] . The broad-sense heritability (repeatability) H 2 was calculated using the following function:
where V G -genetic variance, V P -phenotypic variance, σ 2 f -variance of family effects, σ 2 c -variance of clone within family effects, σ 2 l -variance of family-by-block interaction effects, and σ 2 e -variance of residual effects. All statistical analyses were performed with Statistica 13.1 statistical package (StatSoft Inc. Tulsa, OK, USA). Table 2 summarizes the mean values, coefficients of variation (CV%), and the correlation coefficients between the studied traits, along with their significance at the level of α = 0.05. The mean value for WUEi was 5.51 mmol CO 2 mol −1 H 2 O, and was characterized by a coefficient of variation of 22%. Stomatal conductance (g s ) was the most variable trait among physiological characteristics measured (mean = 291.66; CV = 26%), while among morphological traits, LA and DM were characterized by the highest variability (CV ≈ 28%). The Pearson correlation coefficients showed that stomatal conductance correlated with most of the other traits (physiological and morphological). Negative correlations were found for g s with WUEi, SD, V, SLA, and LA, while positive correlations were found with E and A. WUEi was significantly and negatively correlated with E (−0.79) and, as mentioned, with g s (−0.75). Specific leaf area was the only morphological trait that correlated with WUEi (0.35). Volume was also positively correlated with morphological traits: LA, SLA, and DM. The SL was the only trait that failed to correlate with any other trait measured and was distinguished by the lowest coefficient of variation (8%). Table 3 and Figure 1 . The eigenvalues computed on the basis of the correlation matrix indicate the dominance of the first principal component, which explained 35.3% (eigenvalue = 3.5) of the variance and was associated with g s , E, WUEi, V, whereas the second PC was associated mainly with DM and LA and explained a further 22.4% (eigenvalue = 2.2) of the variance. Table 3 . Pearson correlation coefficients between traits and the first two principal components (PC 1, PC 2); their coefficients of determination (R 2 ). Table 2 footnote.
Results
Relationships between Traits
The location of the clones in the PCA ordination space shows many different patterns in physiological and morphological mechanisms (Figure 1) . Generally, however, clones of B × M demonstrated higher WUE, productivity, denser stomata and larger leaf area, and higher dry mass than the other cross types. The reference clone Walker was distinguished by showing the lowest productivity and the highest stomatal conductance among all selected clones, while Okanese showed average values for most of the traits measured.
Genetic Variation in Water Use Physiological and Morphological Characteristics Among Different Productivity Groups
The mixed model analysis showed that the productivity group had a significant impact on most physiological characteristics (Table 4 ). Clone Okanese had the highest WUEi and A. Contrary to Okanese, the second reference clone, Walker, had the lowest WUEi and was characterized by the lowest A and significantly higher stomatal conductance among all tested clones (Figure 2) . The results of the LSD test indicate that the average productivity group of clones was characterized by a higher WUEi than the group of clones in the low volume group. The remaining high productivity group of clones did not differ significantly from either the average or low productivity groups in any physiological traits except for WUEi, which was lower in comparison to the average productivity Table 2 footnote.
The mixed model analysis showed that the productivity group had a significant impact on most physiological characteristics (Table 4 ). Clone Okanese had the highest WUEi and A. Contrary to Okanese, the second reference clone, Walker, had the lowest WUEi and was characterized by the lowest A and significantly higher stomatal conductance among all tested clones (Figure 2) . The results of the LSD test indicate that the average productivity group of clones was characterized by a higher WUEi than the group of clones in the low volume group. The remaining high productivity group of clones did not differ significantly from either the average or low productivity groups in any physiological traits except for WUEi, which was lower in comparison to the average productivity group (Figure 2) . For morphological traits, the statistically significant effect (α ≤ 0.05) of productivity was found for leaf area (p = 0.024) and stomatal density (p = 0.001). The highest stomatal density was estimated for the high and average productivity groups, while Walker, Okanese, and the low productivity group of clones created the second homogeneous group under LSD test (Figure 3 ). Furthermore, high and average productive clones were distinguished by the significantly larger leaf area in comparison to other groups of clones, while Okanese showed an intermediate LA. The least significant difference test also showed a significant difference between Walker and other groups of clones (except Okanese) for dry mass.
Analysis of variance components for random effects show that the genetic effect (combined effect of family and clone within family) explained only a small part of the overall variance (≤11%) for all physiological traits (Figure 4a ). For LA, SD, and SL, the genetic component explained 50% or more variance (Figure 4b ), while the genetic component for SLA explained 17% of the total variance. All variance component and heritability results are shown in Figure 4 . Table 2 footnote. Table 2 footnote. 1 σ 2 f -variance of family effects, σ 2 c -variance of clonal within family effects, σ 2 l -variance of family-by-block interaction effects, σ 2 l -variance of block effects, σ 2 e -variance of residual effects. 2 The meaning of the trait abbreviations as in Table 2 footnote. VPD, vapor pressure deficit. Table  2 footnote.
Analysis of variance components for random effects show that the genetic effect (combined effect of family and clone within family) explained only a small part of the overall variance (≤11%) for all physiological traits (Figure 4a ). For LA, SD, and SL, the genetic component explained 50% or more variance (Figure 4b) , while the genetic component for SLA explained 17% of the total variance. All variance component and heritability results are shown in Figure 4 . Table 2 footnote.
Discussion
As temperatures warm and precipitation patterns shift [1, 36] , the deployment of better adapted trees to a changing climate, with high productivity and WUE, will be essential for sustainable and cost-effective forest/land management. Hybrid poplars are particularly well suited to such rapidly changing needs with their shortened production cycles (compared to native forests in boreal regions), serving as a partial remedy for the loss of stability of forest ecosystems in conditions of rapidly progressing climate change [37] . Given the flexibility of moving from a rotation of 60-70 years in native aspen stands [38] to 18-25 years with hybrid poplars, the advantages of being able to adjust clones to accommodate a quickly changing climate is possible and necessary. Our experiment was carried out in a relatively xeric habitat (432 mm annual precipitation) in northern Alberta, and the results suggest that the intrinsic variation among clones in physiological and morphological traits related to WUE provides a foundation for selection of productive and water use efficient genotypes (to some extent) for regions with increasing drought.
Productivity is the primary trait of interest in most tree breeding programs, and often defined as an adaptation to water stress conditions [1] . In our study, productivity was positively correlated with LA, DM, and SLA, which combines both morphological characteristics (i.e., LA and DM), as represented by the light-capturing area deployed per dry mass allocated [39] . A high SLA indicates the occurrence of thinner leaves, which are less costly to produce and maintain [40] and, due to the associated rapid leaf production, allows for an efficient capture of solar energy [41] . Thus, genotypes with a high SLA have a shorter investment return rate and greater potential for faster growth [42] . As revealed in our study, SLA was also positively correlated with WUEi and negatively correlated with transpiration and stomatal conductance, which shows the potential of this trait for selecting productive and water use efficient genotypes. In addition, however, SLA was also characterized by a rather low discriminative power and broad sense heritability, indicating that it is not a stand-alone trait for selection, thus SLA should be combined with additional traits of interest in a breeding program.
Several studies have suggested a role for regulation of stomatal aperture in acclimation and adaptation to water stress and temperature [2] . Stomatal conductance, which provides a relative measure of how open or closed the stomata are, was the only physiological trait that was correlated Table 2 footnote.
Several studies have suggested a role for regulation of stomatal aperture in acclimation and adaptation to water stress and temperature [2] . Stomatal conductance, which provides a relative measure of how open or closed the stomata are, was the only physiological trait that was correlated with productivity. Higher stomatal conductance to water usually increases CO 2 diffusion into the leaf, and hence, incorporation into biomass [43] , which was reflected in the positive correlation found between g s and A. The negative correlation between stomatal conductance and productivity observed in our study seems, however, to be associated with another phenomenon. Water deficit during midday hours, in which measurements were carried out, may initiate a "defence reaction" in trees against water loss by stomatal closure. We hypothesize that such results may signify more efficient stomatal control among genotypes with better productivity. Nonetheless, in this aspect, more extensive investigation is necessary to evaluate possible diurnal and seasonal differences, as our results are based on a single measurement during the day. Such repeatable measurements would also likely allow us to mitigate another limitation of our study, indicated by the large component of residual error variance as compared to the total variance for stomatal conductance and other physiological traits.
The reported values of stomatal conductance for poplars have been shown to be as high as 1000 mmol m −2 s -1 [44, 45] , which is usually related to low WUE [11, 46] , and generally reflects the status of poplars as phreatophytes and riparian species that typically grow on moist alluvial soils after floods or other disturbances [20, [47] [48] [49] . Our study, carried out in a more xeric habitat of north-central Alberta, revealed that stomatal conductance indeed strongly affects intrinsic WUE (negative correlation, Table 2 , Figure 1 ), but the mean values for all tested genotypes (296 mmol m -2 s -1 ) were much lower than reported, which shows adaptive plasticity of our studied clones to water stress conditions. A similar conclusion was also drawn by Hetherington and Woodward [46] , who suggest that low values of g s may occur in water-limited environments, where small reductions in stomatal conductance significantly increase WUE.
With respect to morphological characteristics, our investigation showed that the average stomatal density on the abaxial side of the leaves was 735 no. per mm 2 , across all hybrid poplar cross types and clones (range from 401, for Walker to 1091, for M × B 4491-5). These values are among the highest recorded densities for poplar species and their hybrids [20, 50] . In addition, the average length of stomatal guard cells (12.82 µm) was significantly shorter in comparison to those of similar or other species hybrids adapted to grow in xeric and moderate environments [11, 20, 25, 26, 32] .
Leaves growing under water deficit usually develop smaller and more densely distributed stomata [2] . These modifications in morphological characteristics make leaves able to reduce transpiration with a quicker onset of stomatal regulation [51, 52] . Thus, most of the clones tested in our study showed adaptive acclimatization to the region of deployment. Surprisingly, the reference clone Walker, widely planted in the Canadian prairies, distinguished itself among the tested clones by showing the lowest stomatal densities, which in combination with the highest stomatal conductance and transpiration rate, and the lowest net assimilation and productivity, resulted in it being ranked the lowest in terms of adaptive capacity to the predicted direction of climate change (Figure 1 ). Based on the discussion above, it seems that Walker should be reconsidered for operational deployment in the future, given an anticipated increase in water deficit. In this aspect, our results contradict the previous findings by Arshad et al. [21] Desrochers et al. [53] , and Arango-Velez et al. [54] , who placed Walker in the top ranking with respect to the impact of drought stress on water content and growth among other hybrid poplars currently grown in the prairies and Alberta. One consideration to note, Walker was used as a reference clone in this study to measure against new genetic material, where it was outcompeted at an early stage of stand development [29] and therefore, overshadowed, performing even less well given that the new clones were far superior in growth parameters.
It is known that stomatal density and stomatal function can be influenced by environmental conditions during the development of leaf length [20] . High stomatal densities and small stomata may not accurately reflect stomatal sizes and densities occurring in these genotypes when grown in different conditions [20, 46] , which points to variable phenotypic plasticity among genotypes in these morphological characteristics. Although we did not study morphological characteristics between clones in different environments, the large amount of explained genetic variation for stomatal density and stomatal guard cell length implies that these morphological characteristics are under relatively strong genetic control (Table 1, Figure 3 ). The largest component of variance is explained by the family effect, which in our study can be treated to some extent as a proxy for cross types. As was shown on the PCA biplot ( Figure 1 ) clones of the B × M cross were characterized by the highest stomatal density and productivity, while Walker, as well as other clones, whose parents came from the Aigeiros section (P. nigra, P. deltoides), had less dense stomata and visibly different physiological and morphological strategies. Our findings generally correspond to previous research outcomes that P. maximowiczii hybridized with P. balsamifera demonstrate good performance in cooler Canadian climates [55] .
It appears that in the face of climate change, all efforts related to increasing WUE in selection programs need to be combined with the intended cultural practices designed to improve WUE at the plantation level. This set of silvicultural techniques often include: site preparation prior to planting, weed control during the establishment phase of the plantation [56, 57] , fertilization, use of mycorrhizae, thinning, and plantation density [58] . Most of these techniques are designed to reduce competition for soil and water resources and improve root growth conditions and/or water uptake. The plantation density appears to be important, in particular, having a permanent effect for the life of the plantation. In northern Alberta, where rotation ages on plantations are between 18-25 years, and the trees are often grown at a relatively tight spacing (e.g., 3.0 × 3.0 m spacing or less), the root development and growth parameters can be enhanced by the choice of a lower stand density. Given the strong influence of spacing on all selective traits, water interception, and soil water availability, extrapolations cannot be made without further research efforts related to tree density and other cultural practices combined with appropriate clone selection.
Conclusions
Results of our study reveal that most of the clones showed an adaptive capacity to acclimatize to the region of deployment being tested. The variation among clones in physiological and morphological characteristics related to WUE at a leaf level suggests the possibility of achieving genetic gain through selection of these traits. Among the studied traits, stomatal density in combination with their size and specific leaf area appear key and heritable factors that assure a fast reaction of stomata when faced with a water deficit. Thus, it seems that selection and tree breeding for adapting to climate change in the region of our investigation could rely on highly productive genotypes with dense, small stomata and a larger ratio of leaf area to dry mass.
With respect to cross types, it appears that hybrid crosses of P. balsamifera and P. maximowiczii species show a slightly better adaptive potential to the area of our study than the other tested cross types. Our findings further suggest that Walker, widely planted across the Canadian prairies, had an inferior adaptive capacity to the predicted direction of climate change in comparison to new genotypes tested in this study. Therefore, it seems reasonable to consider removal of this clone from operational deployment in the coming years.
For physiological traits, the estimated low genetic effect, low heritabilities, and high residual effect impose a severe limitation on the use of gas exchange measurements under field conditions for tree improvement programs selecting for drought resistance. It is thus necessary to fill the gap in measurement methodology to better understand the underlying processes leading to differential responses. Further research efforts need to improve sampling procedures, repeatability of measurements, and also take into consideration other factors that influence the unexplained variation, thereby limiting, as much as possible, residual error.
